Abstract-The tilled row structure is known to be one of the important factors affecting the observations of the microwave emission from a natural surface. Measurements of this effect were carried out with both L-and X-band radiometers mounted on a mobile truck on a bare 40 m X 45 m row tilled field. The soil moisture content during the measurements ranged from -10 to -30 percent by dry weight. The results of these measurements showed that the variations of the antenna temperatures with incident angle 0 changed with the azimuthal angle ca measured from the row direction. In particular, at 0 = 00 and a * 450, the observed horizontally and vertically polarized antenna temperatures, TBH(0, a) and TBV(0, a), were not equal. In general, TBH(00, a) > TBV(00, a) when 00 S cx < 450 and TBH(O, a) < TBV(00, c) when 450 < a < 900. The difference between TBH(O0, a) and TBV(0°a) was observed to decrease with a approaching 450 and/or with soil moisture content.
pared with the data obtained from the Joint Soil Moisture Experiment (JSME) carried out in July 1975 [9] . It was found that results from both calculations and measurements showed a definite difference in the variations of the antenna temperature with angle of incidence depending on whether the antennas were scanning preferentially parallel or perpendicular to the row direction. In particular, the antenna temperature at nadir was observed to be higher in the horizontal polarization than in the vertical polarization when the antenna scanning was parallel to the row direction. As the antenna scanning was made perpendicular to the row direction, the vertically polarized antenna temperature was observed to be higher than the horizontally polarized one. These differences in the vertically and horizontally polarized antenna temperatures at nadir were enhanced with the increase in the soil moisture content. It was concluded that the changes in the orientations of the electromagnetic fields of emission due to the presence of the row structure are responsible for the observed phenomena.
II. ANTENNA TEMPERATURE CALCULATION DUE TO
PERIODIC Row 
STRUCTURE
Radiative transfer calculations [21, [5] , [10] of microwave emission from a flat bare field generally showed the following characteristics. First, the vertically polarized antenna temperature TBV increases with incident angle 0 up to the Brewster's angle and then decreases with 0. The horizontally polarized antenna temperature TBH decreases with 0. Secondly, the rate of change of TBH and TBV with 0 depends on soil moisture content and surface roughness, being more rapid for a smoother surface or higher moisture content. When the periodic row structure of the bare field is introduced, the characteristics of both TBV and TBH from either theoretical calculations or radiometric measurements are expected to be modified. Fig. 1 shows a sketch of the fieldantenna configuration for a field with periodic row structure. The azimuthal angle a of the radiometer 0 scan is defined with respect to the row direction. Since the unit normal ni changes from a small local region to another with respect to the horizontal plane, the local incident angle 'y associated with ni for a very narrow-beamwidth antenna at a fixed 0 also changes from one small spot to another. As a result, TBV and TBH would be different according to proportional to the square of the electric fields, TBV(00, 00) = TBH (00, 900) and TBH(00,°°) = TBV(00, 900) under the same field conditions. When a radiometer with antenna of a finite beamwidth is considered, the radiometric response would come from the average contribution over the footprint defined by the radiation pattern. Referring to Fig. 1 , the microwave emission from a local region with a nonzero yi would be higher for the vertically polarized component than for the horizontally polarized component. When summed over the footprint of a radiometer looking at nadir, TBH(00, 0°) and TBV(00, 900) are expected to be higher than TBV(00, 0°) and TBH(0°, 900)-Since the rate of change of TBV and TBH with y1 for a flat field is more rapid for a wet soil than for a dry soil, the magnitudes of TBH(00,°0) -TBV(00, 00) and TBV(00, 900) -TBH(00, 900) for the field with tilled row structure would be larger for the wet field than for the dry field.
Based on the argument above, a bare row tilled terrain is regarded as a composite rough surface characterized by a uniform small-scale RMS surface height variation superimposed on the large-scale periodic row structure. The small-scale roughness effect at 0 = 0°has been studied with a one-parameter model by Choudhury et al. [81. They showed that the gross effect of the small-scale surface roughness can be incorporated by modifying the smooth surface reflectivity rop(0 = 0°), i.e., rp(0 = 0°) = rop(0 = 0°) exp (-h).
(1) A (5) where Ri is the distance from the antenna to AAi, 4i is the angle between line of sight defined by 0 and R,. AO 4 150 is the 3-dB antenna beamwidth. A, B, C, and D are coefficients depending on 0, a!, yi 0, gi, and ai and are given in the appendix A of Wang et al. [11] ; ai is the azimuthal angle at AA, 0i is the angle between the vertical axis and the line joining the antenna and AAI, P3i is the angle between AAi and the horizontal plane, 0 and ac have the same meaning as before. The measured antenna patterns for both horizontal and vertical polarizations were found to be rather similar and were assumed to be the same for simplicity. The summations in (2) and (3) are made over the footprint of the antenna. The antenna temperature calculations based on these equations are compared with the observational results in the next sections.
III. THE FIELD MEASUREMENTS AND RESULTS The truck measurements and the ground truth data collection were carried out over two fields in the Texas A&M University Research Farm in Burleson County, TX. The soil within these fields is Miller Clay which is composed of 62 percent clay (by weight), 35 percent silt, and 3 percent sand. Both fields were plowed with rows running east-west. Field A is bare soil and Field B is planted with cotton. Only the results from the bare field measurements will be discussed in this paper. The average height and width for a row in the bare soil fleld were 20 cm and 95 cm, respectively.
The radiometric measurements were made for both horizontal and vertical polarizations at both 1.42-and 10.69-GHz frequencies. The beamwidths for the X-and L-band antennas were about 60 and 150, respectively. Both antennas were maintained at a constant height of -14 m above the field during all measurements. Measurements were made at incident angles of 00, 200, 350, and 500 and at the azimuthal angles of 00, 300, 450 600, and 900 with respect to the row direction. The functioning of both radiometers was checked by measuring the responses to water and sky. The entire field measurements were carried out on the 16th, 17th, 18th, 20th, 21st, 24th, and 25th of July 1975. The details of the ground truth acquisition, sensor calibration, and data reduction were described by Newton and Tesch [9] .
From an examination of the data compiled by Newton and Tesch, two possible sources of uncertainty in the X-band measurements are found which cause the deviation from the observed features associated with the effect of row structure. First, the standard deviations of the observed antenna temperatures are generally 3-4 times higher in the X-band measurements than in the L-band measurements. This suggests a noisier X-band radiometer compared to the L-band radiometer. Secondly, the X-band water calibration measurements at nadir showed a 5-15 K higher antenna temperature output in vertical polarization than in horizontal polarization. If this effect is not taken into account properly, some difficulty would arise in interpreting the data correctly. Therefore, the emphasis will be placed on the L-band measurement results in the following data analysis and interpretation. Fig. 3(a) shows the measured antenna temperature versus the angle of incidence 0 for azimuthal angle a = 00. Fig. 3(b) shows the similar plot for a = 90°. for the a = 450 measurements were used to normalize the measured a = 00 antenna temperatures. The normalized antenna temperatures TNH(00,°°), TNV(00,°°), TNH(00, 900), and TNV(00, 900), the soil moisture contents for measurements at a = 00 and oa = 900, and the differences TNH(O, 00) TNV(00, 900) and TNV(00,°°) TNH(O°, 900) are plotted versus times of the measurements in Fig. 4 .
From this figure the soil moisture content is observed to decrease with time from "30 percent on The differences between TNV(00, 00) and TNH(00, 900) and between TNH(O°, 00) and TNV(00, 900) on July 16 (also see were comparable to the precision of the measurements. Note that the moisture contents during the ae = 00 scan are smaller than those during the at = 900 scan on July 18, 20, 21, 24, and 25. Both TNV(00, 0°) -TNH(0°, 900) and TNH(00, 00) TNV(00, 900) are found to be positive, as expected, on those days. The measurements on July 17 and 22 were carried out such that the moisture contents during a = 00 scan were higher than those during the a= 900 scan. Both TNV(00, 00) -TNH(00, 900) and TNH(0°, 00) TNV(00, 900) on those days are negative, implying the association of the lower brightness temperatures with higher soil moisture contents. This effect strongly suggests the importance of the simultaneous acquisition of the radiometric measurements and the ground truth.
The observed values of TNV(00, 00) and TNH(00, 900) were plotted as a function of the soil moisture content Win Fig. 5 . A linear regression analysis of all the data points gave a correlation coefficient of 0.92. A similar regression was also performed for the data of TNH(00, 00) and TNV(00, 900) and the result was shown as a dashed line in Fig. 5 . The correlation coefficient was found to be 0.89 in this case. Three features are clearly displayed by this figure. First, the data points for TNV(00, 00) and TNH(00, 900) are well mixed (same for TNH(00, 00) and TNV(0°, 900)), again showing the equivalence between TNV(00, 0°) and TNH(00, 900) measurements.
Secondly, the slope of the TNV(00, 0°) and TNH(00, 900) versus W regression is steeper than that of the TNH(00, 00) and TNV(00, 900) versus W regression. This suggests that the nadir viewing measurements with electric field parallel to the row direction have a better moisture sensitivity compared to those with electric field perpendicular to the row direction. Thirdly, the difference between the two regression lines increases with W. This implies a stronger effect due to row structure at higher soil moisture content. The very similar intercept values between the two regression lines at W=0 percent strongly suggests that the effect of row structure is negligible in the radiometric measurements when the soil is dry.
V. THE DEPENDENCE OF Row EFFECT ON AZIMUTHAL ANGLE AND MOISTURE CONTENT The effect of row structure depends strongly on the azimuthal angle a. Fig. 6 shows the variation of the normalized antenna temperatures TNP(Q, a) with incident angle 0 for a-= 00°300, 600, and 900. The data was obtained on July 16, 1975 and the average soil moisture content (0-2-cm layer) over the time period of measurements was 29 percent. Although most of the effect of the radiometric response due to soil physical temperature was removed, that due to the difference in moisture content from one azimuthal scan to another still persisted. The a = 900 measurement was made in the early morning when soil moisture content was '30 percent and the level of TNP(O, 900) was comparatively low. The ct = 300 scan was made in the afternoon when W 26 percent and TNP(O, 300) was high. This moisture difference could introduce some confusion in the observation of a dependence for the row effect from the figure. However, it is easy to note that the values of TNH(00, a) -TNV(00, a) are positive for a = 0°and 300, and negative for a = 600 and 900. were made with the same h value and with both soil temperature and moisture profiles taken within -±1 h of radiometric measurements. For a few cases in which the ground truth data and the radiometric measurements did not coincide, the soil temperature and moisture profiles averaged over a 2-h period closest to the time of the radiometric measurements were used. It is noted from the figure that two features from the calculated results are in accordance with the observations. First, the normalized antenna temperature differences are present over the moisture range of -10-30 percent. Secondly, the magnitude of the differences decreases with soil moisture content. However, the calculated dependence of the antenna temperature difference on the moisture content is not as strong compared to the observed results. At high moisture content the calculated antenna temperature differences are less than the observed ones. At low moisture content, the calculations give higher values than the observed ones.
VI. DiSCUSSION The simple composite surface roughness model described in the previous section accounts for the most features exhibited by the measured data, although the magnitude of these fea- Improved correspondence between the model predictions and the measurements should be obtained with a better estimate of the roughness factor h given by (1). The assumption that h is independent of local incident angle 'yj was based on the first-order estimate of the flat field measurements over a limited range of yi, 00-500, [4] . In the numerical calculation this independence was assumed for a range of yi over 00-900.
A limited measurement on the RMS surface roughness effect by Hancock [13], however, implies that the roughness parameter h may depend on yi. Furthermore, the difference in the RMS height variations in the ridges and furrows of the field n nR .
suggests that a constant h adopted in the present calculation may not be strictly valid. With different form for rp('y,), the calculated TBH(O, c) and TBV(O, a) could be quite different from the ones shown in Figs. 3(a) and (b) , and 8.
Other factors like the general slope of the field, skewness of the rows, and the uncertainties in the radiometric measurements and ground truth data take could all affect the observed results and are difficult to take into account in the calculations. However, the most important is the fact that the -row structure in the microwave emission from an agricultural field can be understood in terms of the simple model presented above. VII 
